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Ezrin Is Essential for Epithelial Organization and
Villus Morphogenesis in the Developing Intestine
The ERM proteins provide architectural and/or regula-
tory contribution to cell polarity (Bretscher et al., 2002;
McClatchey, 2003). Membrane:cytoskeleton associa-
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self-association and consequent translocation to the
membrane:cytoskeleton interface. The small GTPase
RhoA is the best-studied stimulus of ERM activation
Summary
(Hirao et al., 1996; Shaw et al., 1998; Matsui et al., 1998).
At the membrane, the ERMs can interact with several
Ezrin, Radixin, and Moesin (the ERM proteins) supply proteins including EBP50/NHE-RF (ERM-binding phos-
regulated linkage between membrane proteins and phoprotein of 50 kD/Na/H exchanger regulatory fac-
the actin cytoskeleton. The study of mammalian ERM tor) and the related E3KARP (Exchanger 3 kinase A regu-
proteins has been hampered by presumed functional latory protein), PDZ domain-containing adaptors that,
overlap. We have found that Ezrin, the only ERM de- in turn, interact with a variety of transmembrane proteins
tected in epithelial cells of the developing intestine, including the Na/H exchanger (NHE3), cystic fibrosis
provides an essential role in configuring the mouse transmembrane regulator (CFTR), and platelet-derived
intestinal epithelium. Surprisingly, Ezrin is not ab- growth factor receptor (PDGFR; Reczek et al., 1997;
solutely required for the formation of brush border Murthy et al., 1998; Yun et al., 1998; Short et al., 1998;
microvilli or for the establishment or maintenance of Maudsley et al., 2000). This linkage is thought to facilitate
epithelial polarity. Instead, Ezrin organizes the apical proper receptor localization and/or regulation (Brets-
terminal web region, which is critical for the poorly cher et al., 2000; Shenolikar and Weinman, 2001).
understood process of de novo lumen formation and The study of mammalian ERMs has been impeded
expansion during villus morphogenesis. Our data also by presumed redundancy. Most cultured cells express
suggest that Ezrin controls the localization and/or multiple ERM proteins, prompting the use of dominant-
function of certain apical membrane proteins that sup- negative ERM isoforms, although the mechanism by
port normal intestinal function. These in vivo studies which they inactivate endogenous ERM function is un-
highlight the critical function of Ezrin in the formation clear. Moreover, moesin-deficient mice are viable with
of a multicellular epithelium rather than an individual no gross abnormalities, and radixin-deficient mice are
epithelial cell. viable but develop hyperbilirubinemia with defective lo-
calization of the Mrp2 transporter to bile canalicular
membranes (Doi et al., 1999; Kikuchi et al., 2002). AmongIntroduction
the ERM proteins, Ezrin exhibits the most restricted pat-
tern of expression in vivo and is the only ERM detectedCell polarization—the generation of cellular asymme-
in some polarized epithelia including the small intestinaltry—is critical for determining the functional properties
epithelium (Figures 6A and 6B; Berryman et al., 1993;of individual cells and for the morphogenesis of multicel-
Ingraffea et al., 2002).lular tissues during development (Nelson, 2003). Al-
The lumen of the midgestational embryonic intestinethough cells establish asymmetry in many different
is lined by a flat stratified epithelium supported by outerways, the generation of distinct apical and basolateral
stromal tissue (Mathan et al., 1975; Babyatsky and Po-domains by epithelial cells is a paradigm for understand-
dolsky, 2003). In contrast, the mature small intestinaling how cells polarize. The formation of a polarized epi-
surface is covered with abundant finger-like villi thatthelium is governed by the organization of individual cell
project into the luminal space. Villus morphogenesis ismembrane domains and cell:cell junctions via interac-
a remarkable process that features transformation of thetion between membrane proteins and the cytoskeleton.
stratified epithelium to a polarized columnar epithelialThe ERM proteins (Ezrin, Radixin, and Moesin) link mem-
monolayer surrounding each villus. The apical surface
brane proteins to the actin cytoskeleton, and their func-
of the mature intestinal epithelium is covered with dense
tion has been implicated in the formation of specialized
brush border microvilli. We have found that in the ab-
membrane domains in nonepithelial cells such as the sence of Ezrin, the only ERM protein detected in the
T cell uropod, podocyte foot process, and fibroblast developing small intestinal epithelium, the transition
membrane ruffle (Bretscher et al., 2002; McClatchey, from a stratified to columnar epithelium is incomplete,
2003). ERM function has also been implicated in the resulting in abnormal villus morphogenesis. Specifically,
formation of apical microvilli in epithelial cells, and re- Ezrin is required for proper apical membrane assembly,
cent studies suggest that the single Drosophila ERM which is particularly important for the propagation of
protein plays a key role in maintaining epithelial integrity polarity during the formation and expansion of second-
in vivo (Speck et al., 2003). ary lumina within the stratified epithelium, a key but
poorly understood step in villus morphogenesis (Mathan
et al., 1975; Madara et al., 1981; Toyota et al., 1989).*Correspondence: mcclatch@helix.mgh.harvard.edu
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Our study indicates that Ezrin is not absolutely required in the intestine, we examined the digestive tracts of Ez/
pups. Whole-mount preparations of wild-type small in-for microvillus formation or for the establishment or
maintenance of epithelial cell polarity. Instead, Ezrin per- testines revealed a luminal surface covered with abun-
dant villi (Figure 2A). In contrast, the luminal surface offorms a critical function in organizing the apical domain
of the intestinal epithelial cell and its associated apical the Ez/ intestine is covered with cauliflower-shaped
villi that appear to reflect the aggregation of multiplejunctions that mediate communication between cells in
the intestinal epithelium. individual villi (Figure 2B). Histological analysis con-
firmed this interpretation. Instead of a villus unit com-
posed of a single layer of columnar epithelium sur-Results
rounding a mesenchymal core as in the wild-type (Figure
2C), the unit of structure in the Ez/ intestine is multi-Generation of Ez-Deficient Mice
lobed and composed of multiple villi that are fused orTo study Ezrin function in vivo, we engineered a condi-
intertwined (Figure 2D). This structure is morphologicallytional Ez allele with loxP sites flanking exons 3 to 5 of
distinct from that of intestinal adenomas, multilobedthe ezrin gene by homologous recombination in mouse
structures that initially are anchored by a single stalk toembryonic stem (ES) cells (Supplemental Figure S1 at
the intestinal mucosa and develop via overgrowth of ahttp://www.developmentalcell.com/cgi/content/full/6/
single villus (Bienz and Clevers, 2000). The morphologi-6/855/DC1). To identify cells that express ezrin in vivo,
cal complexity of the Ez/ villi increased with postnatalwe introduced a cassette containing a promoterless
age, leading to the formation of complex amalgamated-galactosidase-neomycin (-geo) fusion flanked by
structures (Figures 2E and 2F).FRT sites into intron 5; this allele is designated EzloxP-geo.
Although not yet fully developed, the neonatal rodentChimeric Ez/loxP-geo↔wt mice generated using two inde-
intestine exhibits features of mature intestinal architec-pendently targeted ES cell clones yielded germline
ture (Stappenbeck et al., 1998). Cell division is restrictedtransmission of the Ez mutant allele to F1 Ez/loxP-geo
to the intervillus epithelium and is followed by migrationmice (Supplemental Figure S1B). Zygotic deletion of ex-
of immature epithelial cells up the villus axis. As precur-ons 3–5 was achieved by crossing to EIIa-Cre transgenic
sors move out of the future crypt, they differentiate intomice; the recombined allele is designated Ez345-geo (Sup-
mature polarized enterocytes, goblet cells, or enteroen-plemental Figure S1C; Lasko et al., 1996). Both immu-
docrine cells; Paneth cells arise from precursors thatnoblotting of lysates from Ez345-geo/345-geo tissues using
move down to the base of the crypt. Despite the abnor-two different antibodies and immunohistochemical anal-
mal morphology of Ez/ villi, histochemical stainingysis of Ez345-geo/345-geo tissue revealed the complete ab-
revealed normal numbers and distribution of goblet, en-sence of Ezrin protein (Supplemental Figure S1D, Fig-
teroendocrine, and Paneth cells (Figures 2G and 2H; noture 6C; not shown); we will refer to the Ez345-geo allele
shown). Moreover, short-term 5-bromo-deoxyuridineas “Ez.”
(BrdU) labeling indicated that cell division was appropri-
ately restricted to the base of each Ez/ villus (FiguresEzrin Expression in Embryonic and Adult Tissues
2I and 2J). At later times after labeling (2 days), BrdU-Ezrin is expressed by many types of cultured cells, but
positive cells were distributed similarly throughout wild-its expression is restricted in vivo (Bretscher et al., 2000).
type and Ez/ villi, indicating similar rates of migrationAlthough ezrin expression in the developing blastocyst
along the villus axis (not shown). The progressive com-and in several adult tissues has been documented
plexity of the Ez/ villus suggests that the normal extru-(Louvet et al., 1996; Berryman et al., 1993), a systematic
sion of cells from the villus tip may not occur in regionsevaluation of ezrin expression during embryonic devel-
where two Ez/ villi are fused. Otherwise, the develop-opment has not been reported. In the developing em-
ment and maintenance of the mature crypt-villus unitbryo, expression of -geo from the EzloxP-geo allele was
proceeds normally in the absence of Ezrin despite dra-primarily detected in secretory/absorptive epithelia, in-
matically aberrant villus architecture.cluding the chorionic villus, kidney, bronchial, choroid
plexus, and intestinal epithelia, mirroring endogenous
ezrin expression (Figures 1A–1C and 6A; not shown). Abnormal Villus Morphogenesis in Developing
-geo expression was also prominent in the lens and Ez/ Intestines
dorsal aspect of the neural tube (Figures 1D and 1E). Abnormal villus morphology was already apparent in the
This pattern of expression persisted in adult mouse tis- Ez/ neonatal intestine, indicating that the defect arose
sues as has been described for ezrin expression in the during embryonic development. In mice, intestinal villi
adult rat (Berryman et al., 1993; Ingraffea et al., 2002; begin to form at 14.5 days of gestation (E14.5; Stappen-
not shown). Thus, Ezrin function may be particularly beck et al., 1998; Babyatsky and Podolsky, 2003). At
important in cells with specialized apical surfaces. that time, the intestinal lumen is surrounded by a multi-
layered stratified epithelium. During the next 24 hr, in
proximal-to-distal fashion, the intestinal lining under-Ez/ Neonates Exhibit Defective
Villus Architecture goes dramatic morphological change, resulting in the
formation of abundant villi. During villus formation, theIntercrossing of Ez/ mice yielded submendelian ratios
of homozygous Ez/ neonates (12%). Despite their stratified epithelium is converted to a single layer of
columnar epithelium as the underlying mesenchymenormal appearance at birth, Ez/ neonates failed to
thrive postnatally and did not survive past weaning, de- condenses and evaginates to form the villus core. By
E16.5 the process is complete and mitosis becomesspite normal respiratory and suckling behaviors. In light
of these symptoms and the strong expression of ezrin restricted to the intervillus epithelium, which matures
Ezrin Function in Intestinal Villus Morphogenesis
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Figure 1. LacZ Staining Reveals -geo Ex-
pression from the Targeted Allele under the
Control of the Endogenous ezrin Promoter
(A–D) LacZ-stained, paraffin-embedded, and
sectioned tissues. -geo is expressed in the
E12.5 choroid plexus ([A] 100), adult alveo-
lar epithelium ([B] 1000), E12.5 intestinal ep-
ithelium ([C] 200), and E12.5 lens ([D] 100).
(E) Whole-mount staining reveals -geo ex-
pression in the dorsal neural tube (arrow) in
an Ez/ E9.5 embryo.
postnatally to become the stem cell-containing crypts (Supplemental Figure S2). These observations suggest
that Ezrin is not required for intestinal epithelial cellof the adult intestine.
At E14.5, wild-type and Ez/ intestines are grossly polarization per se, but rather for completing the transi-
tion from stratified to columnar epithelium in all cells.indistinguishable, with a small luminal space surrounded
by stratified epithelium (Figures 3A and 3B). However,
by E15.5 villus formation in Ez/ embryos is clearly ab-
Microvillus Formation in Ez/ Intestinalnormal. Instead of the discrete, individual villus units
Epithelial Cellsapparent in the wild-type intestine, Ez/ villi are fused
Ezrin was originally identified as a component of brushtogether via regions of disorganized, stratified epithelial
border microvilli that cover the apical surface of polar-cells (Figures 3C and 3D). By E16.5, wild-type villi are
ized epithelial cells in several tissues including the kid-separated by larger luminal spaces while most Ez/ villi
ney, placenta, and intestine (Bretscher, 1983; Berrymanremain fused, exhibiting complex architecture (Figures
et al., 1993). Indeed, it has been suggested that Ezrin-3E and 3F). Mucinous substance trapped in the luminal
mediated linkage between the lateral membrane andspaces between fused villi suggests that they are not
actin core is required for microvillus formation (Takeuchicontinuous with the central lumen (see Figures 2D and
et al., 1994; Berryman et al., 1995; Crepaldi et al., 1997;2H, arrows).
Bonhila et al., 1999). Surprisingly, ultrastructural exami-
nation of the apical surface of Ez/ intestinal epithelial
cells revealed a brush border with a microvillar densityPolarization of Ez/ Intestinal Epithelial Cells
Cells lining the central lumen of wild-type and Ez/ similar to wild-type (Figures 5A and 5B). However, Ez/
microvilli are short, thick, and nonuniform relative toE14.5 intestines display apical surface markers, junc-
tional complexes, and small, irregular microvilli; cells wild-type, resembling the immature microvilli of undiffer-
entiated crypt cells prior to their migration and differenti-embedded within the stratified epithelium are sur-
rounded by patchy cell:cell junctions containing E-cad- ation (Louvard et al., 1992). Instead, the actin-rich termi-
nal web region that also contains Ezrin and provides aherin and -catenin (Mathan et al., 1975; Toyota et al.,
1989). By E15.5, polarization of cells surrounding each platform into which brush border microvilli are anchored
is markedly thickened and undulating in contrast to thevillus is evidenced by basolateral restriction of E-cad-
herin/-catenin and an apical surface marked by a de- flat, compact terminal web of wild-type cells (Figures
5A and 5B, brackets; Supplemental Figure S2; Berrymanveloping brush border and apical markers such as
Crumbs3 (Figures 4A, 4C, and 4E; Makarova et al., 2003). et al., 1993). Actin is concentrated at the Ez/ apical
surface as in wild-type, indicating that a terminal webCells forming sites of fusion between Ez/ villi remain
stratified, but regions that are not fused contain cells structure is present (not shown). Apical cell junctions
that are continuous with the terminal web region arethat are polarized by these criteria (Figures 4B, 4D, and
4F). Although elongated (see below), apical junctions also elongated and wavy in the absence of Ezrin (Figure
5B, asterisks; Supplemental Figure S2). In fact, the dis-between polarized Ez/ epithelial cells are present.
Tight junctions and desmosomes are apparent ultra- tance from microvillus tip to the base of the terminal web
region is comparable in wild-type and Ez/ intestinalstructurally, and immunohistochemical localization of
tight and adherens junction components is similar in epithelial cells. Villin, a major brush border component,
localizes apically in both wild-type and Ez/ intestinalpolarized wild-type and Ez/ intestinal epithelial cells
Developmental Cell
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Localization of Apical Membrane Proteins
in the Absence of Ezrin
Although Crumbs3 localizes apically in Ez/ intestinal
epithelial cells in regions where villi are not fused (Fig-
ures 4E and 4F), the ERM binding partner EBP50/NHE-
RF, which is apically concentrated in wild-type intestinal
epithelial cells, remains diffusely localized in Ez/ cells,
whether they are polarized or not (Figures 5C and 5D).
Moreover, despite normal expression levels, EBP50/
NHE-RF is not phosphorylated in the Ez/ intestine
(Figure 5E). Thus, EBP50/NHE-RF phosphorylation and
apical localization is dependent upon the ERM proteins.
In contrast, the Na/H exchanger 3 (NHE3), a key mem-
brane target of EBP50/NHE-RF, does localize apically in
polarized Ez/ intestinal epithelial cells (Supplemental
Figure S3). Indeed, EBP50/NHE-RF has been shown to
regulate rather than localize NHE3 (Weinman et al.,
2003). Other unidentified apical membrane proteins that
interact with EBP50/NHE-RF may also be misregulated
or mislocalized in the absence of Ezrin (Shenolikar and
Weinman, 2001). However, the normal apical localization
of GPI-linked alkaline phosphatase and integral mem-
brane sucrase isomaltase together with the glycocalyx
displayed by Ez/ microvilli (indicative of the presence
of glycosylated proteins) suggests that gross defects in
apical membrane sorting do not occur in the absence
of Ezrin (Supplemental Figure S3).
Secondary Lumen Formation
The fusion of portions of Ez/ villi could be due to either
aberrant attachment or incomplete segregation during
morphogenesis. Central to the process of villus morpho-
genesis is the resolution of the stratified epithelium to
a columnar epithelial monolayer lining each villus. An
important but poorly understood feature of this transi-
tion is the development of multiple secondary lumina
that form within the stratified epithelium, expand, and
eventually fuse with the central lumen, effecting the res-
Figure 2. Abnormal Intestinal Villus Morphology in Ez/ Neonates olution of individual villi (Mathan et al., 1975; Madara et
(A and B) Whole-mount preparations reveal aberrant, multilobed villi al., 1981; Toyota et al., 1989).
in the neonatal Ez/ small intestine (B) in contrast to the dense To determine whether Ezrin plays a role in secondary
uniform villi covering the surface of the neonatal wild-type intestinal lumen formation, we examined Ezrin expression andlumen (A).
localization in wild-type intestinal epithelial cells during(C and D) Hematoxylin- and eosin-stained sections reveal single
this transition. Ezrin is expressed by the intestinal epi-villus units in the wild-type intestine (C); instead, Ez/ villi are com-
thelium beginning as early as E12.5 (see Figures 1Cposed of multiple individual units that are fused together (D). Luminal
spaces between “fused” villi often contain trapped mucinous sub- and 6A). In contrast, Moesin and Radixin are expressed
stance (arrow). Developing crypts are located at the villus base exclusively in the surrounding stromal tissue (Figure 6B;
adjacent to the supporting mucosa (M). Transverse sections of villi Berryman et al., 1993; Ingraffea et al., 2002). In the strati-
originating outside the plane of section are marked by an asterisk.
fied epithelium prior to E14.5, Ezrin is localized through-Images at 400.
out the cell; shortly thereafter, discrete streaks of con-(E and F) By P19, the complexity of the Ez/ villus structure is
centrated Ezrin become apparent between epithelialmarkedly increased (F), compared with the single villi apparent in the
cells embedded in the stratified layers or extending fromwild-type (E); transverse villus sections are shown. Images at 200.
(G–J) Proliferation and differentiation proceed normally in Ez/ in- the central lumen (Figures 6D and 6E, arrows). Crumbs3
testinal villi. also localizes to these streaks, which mark the nascent
(G and H) Alcian blue staining of paraffin sections identifies a similar apical membrane of secondary lumina (see Figure 7A).
number and distribution of goblet cells in wild-type (G) and Ez/
By E15.5, most wild-type villi are discrete units covered(H) intestinal villi. Images at 600.
by a single layer of columnar epithelial cells with Ezrin(I and J) BrdU incorporation is restricted to the base of each villus
concentrated across their apical surfaces (Figures 6A,in both wild-type (I) and Ez/ (J) small intestines. Images at 400.
6F, and 6G). Some wild-type villi are still separating,
with Ezrin-positive apical surfaces moving toward each
epithelial cells (not shown). Thus, Ezrin is not required other as the cells “unzip” (Figures 6F and 6G). Thus,
for the formation of brush border microvilli per se, but Ezrin is a marker of nascent apical surface during the
rather for the organization of the underlying terminal formation and expansion of secondary lumina within the
stratified intestinal epithelium.web from which microvilli project.
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Figure 3. Abnormal Villus Morphogenesis in Ez/ Embryos
Hematoxylin- and eosin-stained sections of wild-type (A, C, and E) and Ez/ (B, D, and F) embryonic intestines.
(A and B) The stratified epithelium lining the developing gut in wild-type (A) and Ez/ (B) E14.5 embryos is comparable. Images at 600.
(C and D) However, as villus morphogenesis proceeds at E15.5, Ez/ villi (D) are abnormally shaped and often fused together in contrast to
the individual villus units apparent in the wild-type ([C] asterisks, transverse sections).
(E and F) By E16.5, wild-type villi are larger and completely segregated (E) but Ez/ villi remain fused (F). Images at 400.
The fusion of villi in Ez/ intestines suggests that both by reorientation of the plane of cell division so that
it is perpendicular to the new lumen and by propagationunzipping of stratified epithelial cells occurs abnorm-
ally during villus morphogenesis. Immunostaining for of polarity from cell to cell. In contrast, many Ez/ sec-
ondary lumina failed to expand appreciably and border-Crumbs3 revealed a similar distribution of secondary
lumina throughout the stratified epithelium in wild-type ing cells often formed pseudocysts around the new lumi-
nal space, suggesting that they reoriented their planeand Ez/ E14.5 intestines (Figures 7A and 7B). Similarly,
electron microscopy revealed the presence of second- of division and continued to divide without inducing the
polarization of adjacent cells (see Figures 3D, 3F, andary lumina lined with microvilli in both the wild-type
and Ez mutant (Figures 7C and 7D). However, as in the 4B, arrows). Thus, Ezrin appears to be required for the
propagation of polarity from cell to cell during secondaryneonatal intestine (Figure 5B), the microvilli and apical
surfaces lining new lumina at E14.5 are already disorga- lumen expansion. Together with the obvious disorgani-
zation of the terminal web region and elongated apicalnized in the Ez mutant. In the wild-type, secondary lu-
mina expand and fuse, forming a network that is continu- junctions, these data are consistent with a model
whereby Ezrin normally functions to organize the apicalous with the central lumen. Lumen expansion is driven
Figure 4. Incomplete Polarization of the
Ez/ Intestinal Epithelium
(A–D) Immunohistochemical localization of
-catenin to lateral boundaries between epi-
thelial cells in wild-type (A and C) and Ez/
(B and D) E15.5 (A and B) and E16.5 (C and D)
intestines. Note the boundary between wild-
type E15.5 villi where -catenin is excluded
(arrows in [A]). In the Ez mutant, the boundary
between two villi is not well demarcated and
contains bridges of nonpolarized cells (ar-
rows in [B]). By E16.5, larger spaces between
wild-type villi are evident and apical surfaces
lack -catenin staining (C), while Ez/ villi
have enlarged but remain attached via
-catenin-positive boundaries (arrows in [D]).
Images at 1000.
(E) Crumbs3 marks the apical surface sur-
rounding developing villi in wild-type E15.5
intestines. Image at 400.
(F) In the Ez/ intestine, Crumbs3 localizes
to the apical surface of epithelial cells that
line luminal surfaces but is not detectable
where villi are fused. Image at 400.
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Figure 5. Apical Defects in Ez/ Intestinal
Epithelial Cells
(A and B) Transmission EM reveals densely
packed, uniform, and rod-like brush border
microvilli across the apical surface of wild-
type intestinal epithelial cells (A). In contrast,
Ez/ brush border microvilli are numerous
but thickened, nonuniform, and misoriented
(B). The terminal web region immediately be-
neath the brush border is thickened and un-
dulating in the Ez mutant in contrast to the
wild-type (brackets). Electron-dense apical
junctions at the terminal web boundaries are
elongated in the Ez mutant (asterisks). Im-
ages at 11,000.
(C) The ERM-interacting EBP50/NHE-RF is
concentrated at the apical surface outlining
each wild-type villus. Image at 400.
(D) In contrast, EBP50/NHE-RF is diffusely
localized in Ez/ intestinal epithelial cells and
does not apically concentrate, even in suc-
cessfully polarized cells. Image at 400 .
(E) Western blot analysis reveals that EBP50/
NHE-RF is phosphorylated in wild-type and
Ez/ but not Ez/ neonatal intestinal tissue
(upper species, asterisk).
terminal web and associated apical junctions that medi- discrete villi from a stratified epithelium. Originally de-
scribed ultrastructurally, secondary lumina are thoughtate cell:cell communication during secondary lumen
expansion (Figure 7E). to initiate via the delivery of vesicles containing apical
membrane to specialized cell:cell junctions that form
between cells in the stratified epithelium in response toDiscussion
unknown cues (Mathan et al., 1975; Madara et al., 1981;
Toyota et al., 1989). As continued vesicle delivery ex-The apical surface of polarized epithelial cells is a highly
pands the new apical surface, the junctional complexspecialized membrane domain whose integrity is depen-
is propagated at its leading edge. The two apposingdent upon the actin cytoskeleton. The ERM proteins
cells reorient their planes of division and divide parallellocalize to the apical surface of epithelial cells, and sev-
to the new lumen, contributing to its expansion. Wheneral studies conclude that they are required for microvil-
the propagating cell:cell junction reaches an adjacentlus formation and/or epithelial cell polarity (Takeuchi et
cell, apical junction components must be recruited andal., 1994; Berryman et al., 1995; Crepaldi et al., 1997;
a new terminal web initiated within that adjacent cell.Bonhila et al., 1999; Speck et al., 2003). We have found
This step appears to be defective in the absence of Ezrin.that Ezrin, the only ERM protein detected in the devel-
The abnormal terminal web structure and contiguousoping intestinal epithelium, is not required for microvillus
apicolateral junctions in Ez/ intestinal epithelial cellsformation or epithelial polarization per se. Instead, our
suggest that Ezrin function may be important for estab-data suggest that Ezrin plays an essential role in config-
lishing a “polarizing” landmark in adjacent cells duringuring the apical terminal web region, which provides a
secondary lumen expansion. Assembly of the apicalplatform for anchoring both brush border microvilli and
junctional complex is known to provide such a landmarkapical cell:cell junctions in polarized intestinal epithelial
during epithelial polarization in other systems (Nelson,cells. In the absence of Ezrin, the terminal web region
2003). Despite the identification of tight/adherens junc-is disorganized, microvilli project nonuniformly from its
tions and desmosomes in the Ez/ intestinal epithelium,surface, and apical junctions are elongated and sinuous.
these junctional complexes are markedly elongated andThis interpretation is consistent with the work of Kara-
sinuous; a detailed analysis may reveal more subtle de-giosis and Ready (2004), who recently described an es-
fects in their architecture or composition. Notably, thesential role for Moesin in shaping the rhabdomere termi-
NF2 tumor suppressor, Merlin, the closest relative ofnal web of the Drosophila photoreceptor.
the ERM proteins, plays an important role in organizingOur studies indicate that Ezrin-mediated integrity of
the cortical actin ring and associated junctional com-the terminal web region is critical for secondary lumen
plexes in primary keratinocytes (Lallemand et al., 2003).expansion during villus morphogenesis. This poorly un-
derstood phenomenon is central to the formation of It will be interesting to directly compare the roles of
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The best-known mechanism of ERM activation is via
Rho-induced phosphorylation (Hirao et al., 1996; Shaw
et al., 1998; Matsui et al., 1998). Recent genetic studies
in Drosophila suggest that the ERMs can also negatively
regulate Rho activity (Speck et al., 2003). In the absence
of the single Drosophila ERM protein Moesin, many cells
in the imaginal disc lose polarity and are extruded from
the epithelium, a phenotype that can be rescued by
reducing Rho activity (Speck et al., 2003). Perhaps this
phenotype also reflects altered tension across the apical
surface of this simple epithelial monolayer. Although not
well studied in intestinal epithelial cells, Rho is a key
regulator of the cortical actin network and actomyosin
contractility in other cell types and likely plays an impor-
tant role in organizing the terminal web and associated
apical junctions in these cells (Etienne-Manneville and
Hall, 2002). The ERM proteins may function as rheostats
of cytoskeletal tension, modulating Rho GTPase activity
in response to changes in tension across an epithelial
monolayer.
The wasting and eventual death of Ez/ neonates
may not be solely due to abnormal villus morphology.
Instead, Ezrin may be required for the localization or
Figure 6. Ezrin Localization in the Developing Intestine function of apical membrane proteins that are critical
(A) At E15.5, Ezrin is expressed at high levels throughout the epithe- for intestinal function. We found that EBP50/NHE-RF,
lial compartment but not in the stroma. which links the ERMs to certain apical membrane pro-(B) Immunostaining using an antibody that detects both Moesin and
teins, is neither apically concentrated nor phosphory-Radixin reveals that their expression is restricted to the stromal
lated in the Ez/ intestine. Apparently Merlin, whichcompartment. This pattern was also seen using an antibody that
detects only Radixin. also interacts with EBP50/NHE-RF and is expressed in
(C) Ezrin is not detected in the E15.5 Ez/ intestine. Images in the intestinal epithelium, cannot fulfill this function.
(A)–(C) at 400. NHE3 localizes apically in the absence of both Ezrin and
(D and E) In the wild-type E14.5 intestine, in addition to diffuse EBP50/NHE-RF, but it is likely misregulated in the Ez/
localization throughout the cell, Ezrin becomes concentrated at api-
intestine, as EBP50/NHE-RF is required for NHE3 regula-cal surfaces, including nascent secondary lumina (arrowheads in
tion in other tissues (Weinman et al., 2003). AlthoughE). Boxed area in (D) is enlarged in (E). Image in (D) at 600; image
EBP50/NHE-RF may regulate or localize other unidenti-in (E) at 1000.
(F and G) By E15.5, Ezrin is concentrated across the angular apical fied apical membrane proteins in the intestine, the ap-
surfaces of nascent villi. Boxed area in (F) is enlarged in (G) depicting propriate localization of several apical membrane pro-
the unzipping of two Ezrin-positive apical surfaces moving toward teins in the absence of Ezrin argues against a global
each other (asterisks). Images at 600. role for Ezrin in apical membrane trafficking.
The intestinal phenotype described here is the most
Merlin and the ERM proteins in organizing the apical obvious defect apparent in Ez/ neonates. Careful in-
domain of fully polarized epithelial cells. spection may reveal additional phenotypes in tissues
Visual comparison of E15.5 wild-type and Ez/ intes- that express high levels of Ezrin and may explain the
tines reveals that in addition to their obvious fusion, the submendelian proportion of Ez/ neonates. The condi-
overall geometry of Ez/ villi is different (see Figures tional design of our Ez allele will allow us to examine
3–6). Wild-type villi are angular—straight rows of ap- the consequences of Ezrin deficiency in other tissues
posed columnar cells are separated by thin spaces that in vivo. Our results highlight the poorly understood phe-
meet at sharp angles, likely reflecting recent unzipping. nomenon of de novo lumen formation, which also occurs
In contrast, Ez/ villi are markedly rounded. We specu- during the development of other organs such as the
late that this reflects differences in tension across the colon, thyroid, and mammary gland (Luciano et al., 1979;
developing wild-type and Ez/ epithelia. Nonuniform Hogan and Kolodziej, 2002). De novo lumen formation
distribution of tension throughout the wild-type intesti- occurs during tubulogenesis in other organs; however,
nal cylinder might govern secondary lumen expansion in this case lumen formation within the center of a cord
much like the three-dimensional transmission of cracks of cells is likely directed by the outer basal lamina rather
through thick ice. The continuity of the terminal web than by cell:cell propagation (Hogan and Kolodziej,
region and apical junctions may confer a level of tension 2002; Lubarsky and Krasnow, 2003). On the other hand,
across the developing epithelium that is critical for the apical surface formation serves distinct roles in other
propagation of apical junctions and secondary lumina epithelial tissues. For example, apical constriction of
from cell to cell; abnormal tension across the Ez/ api- neuroepithelial cells in the dorsal neural tube and
cal surface may blunt secondary lumen expansion. This stretching of lens epithelial cells play key roles in neural
could also explain the accordion-like appearance of the tube closure and lens formation, both of which feature
apical surface of polarized Ez/ epithelial cells that is active changes in tension across the tissue (Bush et al.,
apparent upon electron microscopy (Figure 5B; Supple- 1990; Yamada et al., 2000); ezrin is highly expressed by
both cell types (Figures 1D and 1E). Notably, the ERMmental Figure S2).
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Figure 7. Secondary Lumen Initiation in the
Developing Ez/ Intestine
Crumbs3 staining (A and B) and electron mi-
croscopy (C and D) reveal similar numbers
and distribution of secondary lumina in E15.0
wild-type and Ez/ intestines. Unusually
elongated apical junctions mark the bound-
aries between cells surrounding the devel-
oping lumen in both wild-type and Ez mutant
(arrows). Images in (A) and (B) at 600; im-
ages in (C) and (D) at 15,000.
(E) Model of secondary lumen expansion in
wild-type villus morphogenesis (top), leading
to complete segregation of villi. In the Ez/
intestine, secondary lumen form but their
expansion stalls, leading to incomplete villus
segregation and abnormal villus morphol-
ogy (bottom).
Screening of ES Cell Clonesproteins are unique to multicellular organisms, sug-
Electroporation into J1 ES cells and subsequent drug selection wasgesting that they evolved in response to cell-cell com-
as described (McClatchey et al., 1997). Surviving clones were evalu-munication. Many studies have examined the effects of
ated by Southern blotting of SpeI- or BamHI-digested DNA (Supple-
perturbing ERM function in individual cultured cells. We mental Figure S1B). 5 and 3 probes were generated by subcloning
have identified a specific role for Ezrin in the organization 0.8 kb KpnI and 0.5 kb ApaI fragments. Injection of two homolo-
gously targeted clones into blastocysts yielded chimeric animalsof the apical domain of individual cells and consequent
that transmitted the Ez mutant allele to their offspring, which weremorphogenesis of an epithelium—a role accentuated by
bred to EIIa-Cre mice to remove ezrin exons 3–5 (Lasko et al., 1996).the architecture of a three-dimensional tissue.
Zygotic EIIa-Cre expression yielded germline transmission of the
recombined allele. Cre-mediated excision was confirmed by South-
ern blotting of SpeI-digested DNA using the 5 probe. Phenotypes
Experimental Procedures
observed in Ez/ pups derived from either ES cell clone were indis-
tinguishable. All mice examined were on a mixed 129/SvJ;C57Bl/
Generation of Targeted Ez Allele
6J background. We also crossed F1 129/Sv;C57Bl/6J Ez/ mice to
Screening of a mouse 129/Sv genomic library with a probe corre-
hACTB::Flpe.9205 mice that express the Flp recombinase in the
sponding to base pairs 90 to 396 of the mouse ezrin cDNA yielded zygote (kindly provided by Sue Dymecki; Rodriguez et al., 2000). As
two 17 kb genomic clones encompassing exons 2–7 of ezrin. A expected, Flp expression effected deletion of the -geo cassette
promoterless -geo-tk cassette was engineered by combining generating a conditional allele; mice homozygous for the conditional
-galactosidase-neomycin fusion and thymidine kinase coding re- allele are viable and normal.
gions from pSAgeo (provided by Sheila Thomas; MacGregor et al.,
1995) and pPNT (McClatchey et al., 1997) plasmids. After inserting
frt-containing oligonucleotides at either end, the frt--geo-tk-frt cas- Western Blot Analysis
sette was introduced into intron 5. LoxP-containing oligonucleotides Tissue extracts were prepared by homogenization in RIPA buffer
were introduced 5 to this cassette and into intron 2 (Supplemental (1% Triton X-100, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris-Cl
[pH 7.4], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, and a protease/Figure S1A).
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phosphatase inhibitor cocktail). Proteins (30–40 g) were separated Received: December 16, 2003
Revised: April 7, 2004on 8% SDS-PAGE gels, transferred to Immobilon (Millipore), and
probed with anti-Ezrin (1/1000, NeoMarkers #3C12; 1/2000, Babco) Accepted: April 7, 2004
Published: June 7, 2004or anti-EBP50/NHE-RF (1/2000, Abcam #3452) antibodies. HRP-
conjugated secondary antibodies were detected by chemilumines-
cence. References
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